Abstract: The last gene in the genome of the bacteriophage HK97 encodes the protein gp74. We present data in this article that demonstrates, for the first time, that gp74 possesses HNH endonuclease activity. HNH endonucleases are small DNA binding and digestion proteins characterized by two His residues and an Asn residue. We demonstrate that gp74 cleaves lambda phage DNA at multiple sites and that gp74 requires divalent metals for its endonuclease activity. We also present intrinsic tryptophan fluorescence data that show direct binding of Ni 21 to gp74. . This difference in activity may result from binding of a second Zn 21 ion by a putative zinc finger in gp74 in addition to binding of a Zn 21 ion by the HNH motif. These studies define the biochemical function of gp74 as an HNH endonuclease and provide a platform for determining the role of gp74 in life cycle of the bacteriophage HK97.
Introduction
The genome of the bacteriophage HK97 is 39.7 kb in size and has a total of 61 open reading frames. 1 The organization of the HK97 genome is similar to that of other lambda-like bacteriophages 2 and functions have been ascribed for many of the HK97 genes. Like many phages, the HK97 genes are arranged in clusters related by structure or function, 1 with genes encoding the terminase at the 5 0 end, followed by genes encoding structural proteins such as the head, connector, and tail proteins. 2 Following the structural genes are genes encoding for enzymes and proteins involved in processes such as DNA transcription 1 and repair, 3 integration of phage DNA into the host genome during the lysogenic phase, 1 and lysis of the host bacterial cell. 4 While the functions of the three right most genes, positioned between the holins (or lysis genes 5, 6 ) and the cos site (which is
The motif, which has been identified in greater than 1000 proteins from bacteria, archaea, and eukaryotes, 9 has been found to bind to nucleic acids and to possess endonuclease activity. 8 The largest group of HNH motif-containing proteins of known function is the site-specific homing endonucleases, 10 such as I-HmuI and I-HmuII from the Bacillus subtilis phages SPO1 and SP82, respectively. 11 HNH motifs are also present in bacterial toxins such as the E7 and E9 colicins 12, 13 and the S1 and S2 pyocins, 14 as well as in DNA restriction enzymes, such as KpnI, 15 PacI, 16 and Hpy99I. 17 The specificity of HNH motifcontaining endonucleases varies, with proteins that mediate non-specific DNA cleavage, such as the colicins, comprised primarily of an HNH motif and lacking additional DNA-binding sites. In contrast, the homing endonucleases, which have high sequencespecificity, contain DNA-recognition domains in addition to the HNH motif. 8 The three-dimensional structures of several HNH motif-containing endonucleases have been solved. These include the homing endonuclease IHmuI, 18 the bacterial colicins E7 and E9, [19] [20] [21] [22] [23] and the restriction enzymes PacI 16 and Hpy99I. 17 The HNH motif consists of a two-stranded antiparallel bsheet that is flanked on one side by an a-helix, and is often referred to as the bba-metal fold. The HNH motif is embedded within a folded domain that varies between the different HNH endonucleases. 8 A divalent metal is bound to the center of the structure by interactions with the side chain of the second conserved His residue of the HNH motif, as well as the residue N-terminal to the HNH motif. In IHmuI, this N-terminal amino acid is an Asp residue, 18 while in colicins E7 and E9 it is another His residue. [19] [20] [21] [22] [23] The first conserved His residue of the HNH motif acts as a general base to activate a water molecule for nucleophilic attack of the DNA backbone, and the Asn determines the orientation of this His residue. The residues that are involved in the HNH structural motif are highly conserved among members of this protein family. HNH motifs generally bind the DNA backbone in the minor groove and additional residues outside the conserved HNH residues mediate interactions with the DNA. HNH endonucleases have been identified in a number of bacteriophages and have been shown to play a variety of roles in the phage life cycle. For example, I-HmuI and I-HmuII endonucleases are encoded within the intron of the DNA polymerase genes of related Bacillus phages and cleave DNA on a single strand on both intron-containing and intronless targets. Further, each endonuclease prefers DNA of the heterologous phage and the activity of IHmuII results in exclusion of I-HmuI-containing introns from the progeny of mixed infections. 24 The free-standing (i.e. non-intron encoded) HNH endonuclease mobE, which is encoded by bacteriophage T4, introduces strand-specific nicks in the non-coding region of the nrdB gene of T2 phage. 25 The activity 
Results

HK97 gp74 is a member of the HNH-endonuclease family
A PSI-BLAST search performed using the gp74 sequence as a query revealed that it is a member of the HNHc superfamily of proteins, which are found in viruses, archaea, eubacteria, and eukaryotes. 8, 10 Gp74 is most similar to HNH endonucleases from bacteria and other phages (Supporting Information Fig. S1 ), and analysis of the sequence suggests that gp74 is a member of either the 5th or the 8th subclasses of HNHc endonucleases. 26 Like other proteins in subclasses 5 and 8, gp74 contains the hallmark His and Asn residues in the HNH motif (His43, Asn73, and His82 in gp74), as well as a CXXC motif (Cys26-Val27-Met28-Cys29) N-terminal to the HNH motif (Supporting Information Fig. S1 ). Gp74 also contains a CXXH sequence (Cys78-Lys79-Ala80-His81) within the HNH motif, as is also found in HNH endonucleases of subclasses 5 and 8.
To determine if gp74 is a conserved feature in the Caudovirales family of tailed bacteriophages, the Hidden Markov Model (HMM) for pfam01844 for the HNH superfamily was used to search the complete Caudovirales genomes present in the NCBI database. This group includes the long non-contractile (Siphoviridae), long contractile (Myoviridae), and short (Podoviridae) tailed phages. A total of 182 of the 492 complete phage genomes encode a gene that has detectable sequence identity with gp74. The protein homologues are present in a wide variety of phages that infect both Gram-negative and Grampositive bacteria, including Pseudomonas, Klebsiella, Xanthomonas, Bacteroides, Mycobacteria, Listeria, Bacillus, and Streptococcus species. The majority of the gp74-like proteins are found in Siphophages, with 47% of fully sequenced Siphoviridae genomes encoding at least one homologue. Both Myophages and Podophages had much lower incidence of proteins hit by the HNH superfamily HMM, with 26% and 8% of the genomes, respectively, encoding a gp74 homologue. The majority of the protein homologues of gp74 share a common genomic position adjacent the terminase and other morphogenetic proteins (Supporting Information Fig. S2 ). For example, in the Geobacillus phage E2, the first open reading frame is annotated as a putative HNH endonuclease, and the following three open reading frames encode the small terminase subunit, the large terminase subunit, and the portal protein, followed by the rest of the morphogenetic region. The Lactococcus phage p2 genome organization begins with genes encoding the small and large terminase subunits, the putative HNH endonuclease, and the portal protein, followed by genes encoding the structural head proteins. In the case of HK97, while gp74 is the final gene in the linear chromosome, following injection into the host cytoplasm the genome circularizes and the ssDNA ends of the cos site 7 are ligated. At this point, gp74 is then located adjacent to the small and large terminase subunits and the portal protein. Thus, the location of the gp74 gene near genes for the terminase subunits and portal protein is conserved in HK97.
Gp74 mediates double-stranded digestion of phage DNA in the presence of divalent metals
To determine whether gp74 possesses endonuclease activity, we examined its ability to cleave the k chromosome, a linear, double-stranded DNA genome. Purified gp74 was tested for endonuclease activity in the presence of a variety of divalent metal ions and the results were visualized by DNA agarose gel electrophoresis. In the presence of 0.5 mM Ni 2þ , gp74
cleaves the k chromosome at a large number of sites, as evidenced by the formation of an abundant number of DNA fragments of varying lengths ( Fig. 1 ). By contrast, incubation of phage k DNA with gp74 or Ni 2þ ions alone does not mediate DNA digestion (Fig. 1 ). The amount of DNA digestion was proportional to the amount of gp74 present in the reaction, indicating that the observed endonuclease activity was catalyzed by gp74 ( Fig. 1 ).
The Ni 2þ ion concentration dependence of the gp74-mediated DNA digestion reaction was also examined as activity has been shown to decrease for other HNH proteins in the presence of high divalent metal concentrations. 18, 22, 27, 28 Gp74 was able to efficiently cleave k DNA within 2 h with Ni 2þ ion concentrations ranging from 0.5 to 5 mM (Fig. 2) . In the presence of high Ni 2þ ion concentrations, while the cleavage reaction occurs as quickly, it appears to be slightly inhibited as evidenced by the presence of full length k DNA and the absence of small DNA products (i.e. less than 1 kb). The ability of other divalent metals, including Zn 2þ ( Fig. 3 ) and Mg 2þ (Supporting Information Fig. S3 ), to catalyze the DNA-cleavage reaction was also assessed. Both Zn 2þ and Mg 2þ were able to induce numerous fragments in k DNA, although with varying efficiency. For example, the full length k DNA is completely digested after 2 h when 0.5 mM Ni 2þ is used in the reaction (Fig. 2) , whereas it takes approximately 4 h to completely digest the intact k DNA in the presence of 0.5 mM Zn 2þ (Fig. 3 ). In the case of Mg 2þ , complete DNA digestion is less efficient when compared with Ni 2þ at low concentrations (1 mM), but there is less of a difference at higher concentrations (5 and 10 mM) ( Fig. 4(A) ], gp74-mediated cleavage of k DNA was equally efficient at pH 7 and 8, but decreased at pH 6 and was completely abrogated at pH 5. Similar results were observed with Mg 2þ (data not shown). These results provide evidence for a role of His residues in catalysis (and likely also in metal binding) that is consistent with the identification of gp74 as an HNH endonuclease. Surprisingly, when the pH-dependence of gp74 activity in the presence of Zn 2þ was examined, a different profile was observed. DNA digestion was only slightly inhibited at the lower pH values [ Fig. 4(B) ], suggesting that additional non-His residues in gp74 may be involved in binding and/or catalysis. As low pH may induce a structural change in gp74 and thereby affect its catalytic activity, circular dichroism (CD) spectroscopy was used to assess any pH-dependent structural changes in the protein (Fig. 5) . The CD spectrum of gp74 displays minima at 208 nm and 222 nm that are characteristic of a predominantly a-helical protein. CD spectra of gp74 are essentially identical at pH values between 6 and 8, and slightly different at pH 5. The CD spectrum at pH 5 displays the double minima characteristic of a folded a-helical protein, with a slight decrease in mean residue ellipticity, possibly caused by small structural changes from ionization of different groups or precipitation of a small amount of the protein.
Gp74 binds Ni 21 ions with low affinity in the absence of DNA
Previous studies on HNH endonucleases [18] [19] [20] [21] [22] [23] 30 indicate that residues involved in metal binding are distinct from those involved in catalysis. Therefore, we examined the ability of gp74 to bind metal ions in the absence of DNA using intrinsic tryptophan fluorescence. Gp74 contains four tryptophan residues; the highly conserved Trp12, the conserved hydrophobic positions Trp69 and Trp74, and the non-conserved Trp111. Trp12 and Trp111 are located outside the HNH motif, while Trp69 and Trp74 are located in a loop region and in the second b-strand in the HNH motif, respectively (Supporting Information  Fig. S1 ). As Trp69 and Trp74 are located in close proximity to the conserved Asn73 residue of the HNH motif and the CXXH motif present at residues 78-81, the binding of divalent ions at these sites might be expected to alter the tryptophan emission spectrum. Alternatively, structural changes associated with metal binding could cause global conformational changes, which might alter the emission spectrum of gp74. Our data indicate that one divalent metal Ni 2þ ion binds gp74 with relatively low affinity of 165.0 6 0.4 lM. We expect that the affinity of gp74 for divalent metal ions, such as Ni 2þ , is higher in the presence of DNA, which is consistent with our observations that gp74 induces digestion of lambda phage DNA in the presence of stoichiometric concentrations of Ni 2þ (Supporting Information Fig. S4 ).
Discussion
The data presented in this article, for the first time, demonstrate that gp74 from the bacteriophage HK97 functions as an HNH endonuclease and contains all of the hallmarks of this group of proteins. A sequence alignment of HK97 gp74 and related proteins reveals that gp74 contains the canonical HNH motif, 8 defined as part of the HNH motif because it is not highly conserved in other HNH endonucleases. [16] [17] [18] [19] [20] 23, 29 The second hallmark of the HNH motif is an invariant Asn residue (Asn73 in gp74) that is usually followed by a Leu residue. 8 While gp74, like most of the proteins identified in our BLASTp search, has a Trp in this position instead of a Leu, the large hydrophobic nature of this position is maintained. The final residue defining the HNH motif is a His residue (His82 in gp74), which is involved in metal binding.
Often the metal-binding His residue is followed by another His, which is three or four residues C-terminal to the metal-binding His residue and is located in a loop outside the bba-metal fold. Gp74 contains an additional His residue, but this His is at position 110, 29 residues C-terminal of His82 and hence, may or may not be involved in metal binding.
As with other HNH proteins, the activity of gp74 requires a divalent metal ion cofactor and gp74 is active with many metals, although to varying degrees. The difference in gp74 activity may be due to the different chelation properties of the metals in the enzyme and the different orientation of the HNH residues that result. This has previously been observed in colicin E9, for which X-ray structures reveal that a Zn 2þ ion bound to the E9 DNasedsDNA complex displays a tetrahedral coordination, while a bound Mg 2þ ion adopts an octahedral geometry. 23 These differences in the coordination geometry result in a different orientation for the protein ligands with respect to the scissile bond of the DNA backbone and likely results in a different mechanism of DNA digestion. 22 adopting a tetrahedral coordination geometry and Mg 2þ displaying an octahedral coordination, as seen for most metalloproteins. 31, 32 Differences in metal binding in gp74 may also result in differences in the concentration-dependence of the activity.
Other differences in the activity of gp74 with different metals may result from additional binding sites outside the HNH motif for particular metal ions, which would alter its activity. Gp74 also possesses a CXXC motif N-terminal to the bba-metal fold as well a CXXH motif as part of the HNH motif. CXXC and CXXH motifs have been previously implicated in binding metal ions and form the basis of the Zn 2þ -binding site in zinc finger domain proteins. 33 There are a number of HNH motif-containing proteins that also possess CXXC and CXXH motifs which bind Zn 2þ . For example, in the structure of the type II restriction endonuclease, Hpy99I, a Zn 2þ ion is coordinated by two CXXC motifs. 17 When the sequence of Hyp99I is compared with that of gp74, the Zn 2þ binding CXXC motifs in Hpy99I align with the CXXC and CXXH motifs found between residues 26-29 and 78-81, respectively, of gp74. The restriction enzymes KpnI 15 and PacI 16 each also contain a zinc finger in addition to the HNH motif. Although the location of the first CXXC motif in the primary sequence varies between these two proteins and the Hpy99I HNH endonuclease, the location of the zinc finger is close to the HNH motif in the structure and is necessary for protein stability, DNA binding, and DNA digestion. 34 Therefore, gp74 may also coordinate a Zn 2þ ion via its CXXC and CXXH motifs, which would result in a different orientation for the HNH structural motif. Because the CXXH motif in gp74 is located just Nterminal to His82, it is expected that Cys78 and His81 are located in the a-helix of the bba-metal fold, as seen in other HNH endonuclease domain family members. The extent of digestion of the k DNA into very small fragments suggests that gp74 functions to cleave DNA in a promiscuous manner similar to the bacterial colicins E7 and E9. 20, 22 However, there may be additional phage proteins that mediate recognition of specific DNA sequences, or host factors that act as conucleases as previously observed for the bacteriophage P1 HNH endonuclease and E. coli RecA. 35 Sequence analysis of gp73, which is encoded by a gene located just 5 0 of the gene for gp74, indicates the presence of a KilA-N domain, a conserved DNA-binding domain found in many bacterial and eukaryotic DNA viruses. 8, 10 As phage genes are clustered according to their structure or function, 1 it is possible the gp73 modulates the activity and/or specificity of gp74. Studies of gp74 activity in the presence of gp73 are necessary to establish any functional relationship between the two proteins.
HNH endonucleases are present in many phages and play a variety of roles in the phage life cycle. 11, 24, 25 Although the biological role of gp74 is currently not known, the conservation of the location of gp74 in the HK97 genome suggests a possible role for gp74. The location of gp74 in the HK97 genome next to the terminase gene is conserved among other phage HNH endonucleases that also contain CXXC/ CXXH motifs, such as gp111 from c2 phage and gp13 from the Lactococcal bacteriophage biL170, 36 suggesting that the HNH endonuclease genes are in the same functional unit as the terminase gene and thus may be involved in DNA packaging. 36 In HK97, the functional unit may also include gp73 to mediate sequence-specific DNA digestion. The current study, which defines the biochemical role for gp74, provides a platform to test this hypothesis for the role of gp74 in DNA packaging and ultimately phage maturation.
Materials and Methods
Sequence alignment
A search of sequences related to gp74 using BLAST 37, 38 indicated that gp74 from the HK97 bacteriophage is a possible member of the HNHc-endonuclease family of enzymes found among bacteria and viruses. 8, 10 A diverse set of sequences from bacteria and phage were selected with sequence identities of greater than 60% with gp74. Sequences were aligned in Clustal W 39, 40 and putative residues for the HNH motif were identified.
Expression and purification of gp74 from the bacteriophage HK97
The full length gp74 protein from the HK97 bacteriophage was expressed a fusion protein with an Nterminal 6xHis tag using a pET15b-derived expression vector. Proteins were expressed in E. coli BL21 (DE3) STAR cells grown in M9 minimal media. Cells were grown at 37 C until an OD 600 of 0.7 was reached, at which point the incubating temperature was reduced to 16 C and gene expression was induced with isopropyl b-D-thiogalactoside (IPTG) at a concentration of 1 mM. After 16-20 h, cells were harvested by centrifugation ($4500 Â g, 15 min) and pellets were stored at -20 C.
Protein purification was conducted at 4 C. Cell pellets were resuspended in 15 mL of lysis buffer (20 mM Tris HCl, pH 7.9, 150 mM NaCl, 2 mM b-mercaptoethanol, 5 mM imidazole, 150 lM PMSF, 5 mM benzamidine, 1 mg/lysozyme, 2 mg/mL deoxycholic acid) per unit OD 600 per liter of culture. The cells were lysed by brief sonication on ice and centrifuged at 10,000 Â g for 30 min. The soluble 6xHis-gp74 was loaded onto a 5 mL Fast Flow Ni 2þ column (GE Healthcare) that was pre-equilibrated with buffer A (20 mM tris HCl, pH 7.9, 500 mM NaCl, 20 mM imidazole, and 2 mM b-mercaptoethanol). Non-specifically bound proteins were washed with 6 column volumes of buffer A and the 6xHis-gp74 fusion protein was eluted with buffer A containing 400 mM imidazole and 5 mM DTT instead of b-mercaptoethanol. The elution fractions containing 6xHis-gp74 were pooled and dialyzed against 50 mM Na þ phosphate, pH 7.0, 50 mM NaCl, 5 mM b-mercaptoethanol, 5 mM EDTA. TEV protease (1 mg TEV/ 40 mg protein) was added to the sample to cleave the 6xHis-tag from gp74 during dialysis. The gp74 was then purified to homogeneity by size exclusion chromatography using a Superdex 75 column (GE Healthcare) in either 50 mM Na þ phosphate or 20 mM HEPES, pH 7.0, with 150 mM NaCl, 1 mM 6-aminocaproic acid, 5 mM benzamidine, 1 mM PMSF, 5 mM b-mercaptoethanol. and Zn 2þ ) at concentrations of 0.5 to 10 mM were tested as cofactors, and the pH of the solution was varied from 5 to 8. Every 60 min, 20 lL of sample was removed and the reaction was stopped by addition of EDTA to a final concentration of 0.025 mM and DNA loading buffer (New England Biolabs). Samples were analyzed by 1% agarose gel electrophoresis.
CD spectroscopy
Circular dichroism (CD) spectra of gp74 were recorded from 195 nm to 260 nm in 0.2 nm steps at 25 C on an Aviv 250 CD spectrometer with a bandwidth of 1.0 nm using a 1 cm path length quartz cell. Each CD spectrum was an average of five scans. Samples contained 2 lM gp74 in 20 mM Na þ phosphate, 50 mM NaCl at pH 5.0, 6.0, 7.0, or 8.0.
Fluorescence metal-binding studies
Divalent metal binding was probed using intrinsic tryptophan fluorescence of gp74. Gp74 has four tryptophan residues, at least one of which is near the metal-binding site. Fluorescence emission spectra were recorded on a Horiba-Jovin Fluoromax 4 fluorimeter at 25 C using an excitation wavelength of 280 nm and a slit width of 5 nm. Emission spectra were recorded from 300 nm to 450 nm using an emission slit width of 5 nm. For Ni 2þ titration experiments, fluorescence emission was monitored at 346 nm, the wavelength at which the difference in fluorescence between the free and Ni 2þ -bound gp74 is at a maximum. Binding experiments were conducted with a Hamilton Microlab 541C automated titrator. Affinities were measured in 20 mM HEPES, pH 7.0 with gp74 concentrations of 1 lM. Ni 2þ ions were added at concentrations of 0 to 0.5 mM. Titration data were fit to the following equation: 
Conclusion
The protein gp74 from the bacteriophage HK97 possesses an HNH motif. HNH motifs are formed from two His residues and an Asn residue, and bind divalent metals. We demonstrate that gp74 cleaves DNA at multiple sites in the presence of divalent metals. We also show a difference in the activity of gp74 at acidic pH in the presence of Ni 2þ and Zn 2þ , which suggests that gp74 has an additional metal-binding site. These studies show that gp74 is an HNH endonuclease and provide a platform for determining the function of gp74 in the bacteriophage.
